af ve 
ig a z ey 
aes + 


IF ILLINOIS BULLETIN 

23  Issvep Weexty : ; SA 
_' NOVEMBER 19, 1917 Now 13502 aiae 
mation Deo. 11, 1912, at the Post Office at Urbans, Ill., under the Act of Aug. 24,1912) } 


Se PeUby On THE 8 
HEAT TRANSMISSION © 
BUILDING MATERIALS 


£ 


Av 


|. A. © WILLARD ea ae 
eR ML, 2 AND . ie 
L. C. LICHTY tia Fe Pac: 


A 


4 


HE Engineering Experiment Station: was 5 eetablighed 5. act ei 
ce of the Board of Trustees, December 8, 1903. It is the purpose : 3 
of the Station to carry on investigations along various lines — fe 
of engineering and to study problems of importance to Sep 


engineers and to the manufacturing, railway, mining, constructional, | & 
and industrial interests of the State. ie 

- Phe control of the Engineering Experiment Station 4 is vested in 
the heads of the several departments of the College of ‘Engineering. — 
These constitute the Station Staff and, with the Director, determine — 
the character of the investigations to be undertaken. The work is — 
carried on under the supervision of the Staff, sometimes by research — 


fellows as graduate work, sometimes by members of the instructional — 
staff of the College of Engineering, but more frequently bys ‘inves- 7 
tigators belonging to the peauon ee 


staff of investigators. There will also be issued from time to a 
the form of cvoulare SSuplanens giving the oe os ne expel 


as gwen the number of the in ginete Experiment Station ‘bulletin: 
or. cirewlar shal should be i m base to these publicati 


UNIVERSITY OF ILLINOIS 
ENGINEERING EXPERIMENT STATION 


Bu.uetin No. 102 NOVEMBER, 1917 


A STUDY OF THE HEAT TRANSMISSION 
OF BUILDING MATERIALS 


BY 
A. C. WILLARD 
PROFESSOR OF HEATING AND VENTILATION 
AND 
Ge ulCHrey 


ResbarcH FELLOW, ENGINEERING EXPERIMENT STATION 


ENGINEERING EXPERIMENT STATION 


PusuisHep By THE University or ILLINoIs, URBANA 


i: 


Ill. 


Ve 


vs 


CONTENTS 


INTRODUCTION 
1. Purpose of Investigation 


2. Acknowledgments 


PRINCIPLES OF HEAT TRANSMISSION 
3. Conduction 
4. Radiation 
5. Convection 
6 


Heat Transmission to, through, and from a Simple 
Wall 


Metuops or Trstincg FoR Herat TRANSMISSION OF 
Burtpinc MATERIALS 


7. General Conditions . 


8. Investigations 


Testing MrtrHops AnD EQUIPMENT 
9. Methods . : 
10. The Ice Box Method 
11. The Oil Box Method 
12: The Cold Air Box Method . 
13. The Hot Air Box Method . 
14. The Flat or Hot Plate Method 


15. The Determination of the Heat Transmission Co- 
efficient under the Foregoing Methods . 


DESCRIPTION OF SPECIMENS, TESTING APPARATUS, 
AND Metuop or ConpuctinG TESTS 
16. The Testing Plant 
17. Calibration of Thermocouples . 
3 


21 


23 
23 
26 


CONTENTS (CONTINUED) 


18. The Method of Conducting Tests Sed ee "31 
19. Calculations for Finding Coefficients. . . . . 32 
VI. Resutts anp Test Data yo ae | 
20.. Still Air-Teste" 2 ee otal emer 
21. Coefficients of Heat Transmission e- sastikn, 2 one ae 
22. Discussion of Results ~~ . 2 ee ee 
23.. Moving Air Tests .° © 2 2s 7) 50) 30 00 eee 
24. Discussion of Results = 9.2.05 92s oe 
25. The Effect of Variations in Relative Humidity 
on Surface Coefficients .. . . . . . . 4 
26. The Value.of Air Spaces’... 9.7 2 =) eee 
VII. Appiications or Data To TypicAL SIMPLE AND 
ComMPouUND WALES . 7. .- . 's0 = > 25 eee 
27. Types of Wall Construction =. 2920. 3). eae 
28. Solid Wall Construction. 3 25) 4) ee 
29. Air Space Construction OF ie eee ek 
VITI. Concnustons, ~.. 255) pe ie 


LIST OF FIGURES 


PAGE 

Temperature Gradient Througha Wall . ........ =. 421 
Application of Test Data to Simple and Compound Walls, Examples in 

Sea att Ome Sa ee lw 14 
The Ice Box Method of Testing Heat Transmission. . . . . . . I7 
The Oil Box Method of Testing Heat Transmission. . . . . . . I18 
The Cold Air Box Method of Testing Heat Transmission . . . . . 18 
The Hot Air Box Method of Testing Heat Transmission . . . . . 19 
The Hot Plate Method of Testing Heat Transmission . . . . . . 20 
Diagram of Apparatus for Heat Transmission Tests ie a aa ee ae 
Diagram of Apparatus Used in Moving Air Tests . . . . . . . 25 
View of Test Columns Showing Brick Column in Place and Other Columns 

Boe MagesecadyelOnelOstingwames ns lio 4 6 8 4 we 
View of Air Washer and Fan with Columns in Background . . . : 28 
View Showing Air Duct and Box Shield Around Column for Air Velocity 

Cs sn rer ekki gk ek fe AB St 
Typical Thermocouple Calibration Curves . . ..... . . 30 
K, and Kz Curves, Brick Box Moving Air Test (Average Relative Humid- 

LOVESCOPUAUIC! ETE EEE FEM 2 Pate re i On Se er AS 
U and C Curves, Brick Box Moving Air Test (Average Relative Hu- 

RMGLUVMESCOML AD G13 ie mn Oke ee Me 8g AB 
Ky, and Kz Curves, Wood Box Moving Air Test (Average Relative 

EMI ee Deer T ADC A mera ME Pt, a ee Ow ane! “AO 
U and Ks Curves, for Wood Box Moving Air Test (Average Relative 

INU CORMADIC M4 aL ee oo tow sl AO 
U and C Curves, Wood Box Moving Air Test . . .... . . 47 
Ke Curves, Air Velocity Below 2000 Feet per Minute . . . . . . 47 
U Curves, Air Velocity Below 2000 Feet per Minute . . . . . . 48 


The So-called Conductivity Curve for Air Space Construction, Based on 
Temperature Difference Between Enclosing Walls . . . . . . 58 
5 


2. 
3. 
4, 
5. 
6. 


LIST OF TABLES 6 


Heat Transmission Tests—Still Air . . . . . . . . . . 3488 
Coefficients Based on Heat Transmission Tests. . . . . . . . 40 
Results of the Moving Air Tests on Brick—Partly Saturated Air . 
Resi of the Moving Air Tests on Wood—Partly ene Air ae 
Results of the Saturated Air Tests on the Brick Box 


Results of the Saturated Air Tests on the Wood Box . .... . 


A STUDY OF THE HEAT TRANSMISSION 
OF BUILDING MATERIALS* 


I. IntTRopUCTION 


1. Purpose of Investigation—tThe object of this investigation 
is to determine the coefficients of heat transmission of standard build- 
ing materials for exterior building walls under conditions similar 
to those commonly found in practice. In applying these coefficients 
to actual problems it is necessary to take account of the temperature 
of the air inside and outside the building; therefore the data must 
be determined under similar or comparable conditions. Since it is 
impossible to test all types and combinations of exterior wall con- 
struction, some method must be devised for applying the data ob- 
tained from the tests of a relatively small number of simple walls. 
This method should permit, by a simple calculation, the determination 
of the coefficient of transmission in the case of the various compounds 
and special walls. It is necessary, therefore, only to apply the sim- 
ple principles underlying the transfer of heat to, through, and from 
a building wall, and to determine the basic coefficients required in 
making the caleulations of the actual transmission coefficient. In 
order to explain this procedure for the general case it is necessary 
to analyze the process by which heat transmission through a wall 
takes place. 


2. Acknowledgments—The writers acknowledge their indebt- 
edness to Proressor L. A. Harprna, formerly in charge of the work 
in Experimental Mechanical Engineering at the University of Illi- 
nois, and to Dran C. R. RicHarps, Dean of the College of Engineering 
and formerly head of the Department of Mechanical Engineering at 
the University of Illinois. This investigation was begun under Pro- 
fessor Harding’s supervision, and a large part of the test data was 
secured. before his resignation. Dean Richards contributed valuable 
suggestions during the progress of the tests. 


*The results here reported do not constitute results of a complete series of experi- 
ments. It is the present purpose to continue the study of heat transmission of building 
materials and to release results for publication from time to time as the work proceeds. 
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IJ. Princieues or Heat TRANSMISSION 


3. Conduction —Heat passes through a wall by conduction pro- 
vided the temperature on one side of the wall is higher than that on 
the other. The amount of heat (H) passing through the wall de- 
pends upon the following factors: 

(1) The coefficient of conductivity (C) which varies with the 
material of the wall. This coefficient is practically constant* for 
any given wall for the ranges of surface temperatures found in heat- 
ing buildings; it is not constant, however, at high temperatures if 
there is much variation in the mean temperature of the wall.t 

(2) The thickness of the wall in inches (2). 

(83) The difference in temperature in degrees F. between the 
two surfaces (¢,—?#,). 

(4) The time in hours (D). 

(5) The mean area of the cross section in square feet through 
which the heat passes (A). 

The. nature of the two surfaces is of no consequence provided 
the faces are parallel. The amount of heat transferred is also in- 
dependent of the actual temperatures of the two surfaces but it de- 
pends upon the difference in temperatures between the two surfaces; 
thus the heat transmitted by conduction is, in B. t. wu, 


0 
Hom = (i= 4) DAL ie 


It is at once apparent that all these factors except the surface tem- 
peratures are easily ascertainable, and it should be noted that the 
inside and outside air temperatures are of no value in determining 
the amount of heat transmitted by conduction. 

Heat reaches the surface of a wall both by radiation and by con- 
vection provided the objects and the air are at a higher temperature 
than the surface of the wall. By a reverse process ¢ of radiation and 
convection, the heat which has been received by the inner surface 
of a wall and transmitted through it by conduction may be given off 


*Tests by Gréber and Niisselt in “Mechanical Refrigeration,” Macintire, J. H., p. 
155, 1914. 


7Clement, J. K., and Egy, W. L., “The Thermal Conductivity of Fire-Clay at High 


Temperatures.” Univ. of Ill. Eng. Exp. Sta., Bul. 36, 1909. 
tPreston, Thomas, ‘‘The Theory of Heat,” (1904, 
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by the outer surface. In refrigeration, the direction of flow is re- 
versed, but the coefficient is the same for ordinary ranges of tem- 
perature. The air and objects on the cooler side of the wall must, 
of course, remain at a lower temperature than the surface of the 
wall. 


4. Radiation—Newton seems to have been the first to consider 
the “‘law of cooling’’ of a body by radiation, and, as stated by Pres- 
ton, ‘‘he supposed that the rate of cooling was proportional to the 
excess of the temperature of the body above that of the medium in 
which it was immersed.’’ The same authority expresses the heat 
lost by radiation in a unit of time as the difference between the total 
heat given off by radiation from the body and the total heat gained 
by radiation to the body or( ft—/ft,), in which 


ft = the total heat loss per second by radiation when the 
the body is at the temperature (t), and 
ft, = the .total heat received per second by radiation 
when the surroundings are at the temperature (f,). 
This is equivalent to assuming that for the absolute scale of tem- 
perature the function ft—Rkt—Bsothat ft —ft,=—R (t —%,) 
and the heat lost by radiation is 
oa hee et ee A In Btu, «5 . (2) 
in which RF is the coefficient of radiation for the surface of the ma- 
terial under consideration, ¢ and ft, are Fahrenheit temperature read- 
ings, D is the time in hours, and A is the area in square feet. Preston 
says, ‘‘This formula has been found to represent the facts fairly 
well for small differences of temperature. For differences exceeding 
40 or 50 degrees C. this law was found to deviate seriously from the 
penth.?'* 

Where the differences in temperature become large and when 
‘‘black bodies,’’ which are perfect radiators and perfect absorbers 
of heat, are used, the total energy transferred by radiation has been © 
shown by Stefant and Boltzmann{ to depend: first, upon a factor 
ealled coefficient of radiation (R), and secondly, upon the difference 


*Preston, Op. Cit. 

tJoseph Stefan, physicist, was born in Austria-Hungary in 1835 and died in 1893, 
He was Professor of Higher Mathematics and Physics at the University of Vienna, and 
carried on extensive investigations on the transmisson of light, heat and sound, and the 
diffusion of gases. . 

{Ludwig Boltzmann, physicist, was born in Vienna, Austria, in 1844 and died in 
1906. He was Professor of Experimental and Theoretical Physics at the Universities of 
Gratz and Vienna, and made many valuabie researches in the field of thermodynamics. 
He published a great many books and papers on yarious physical subjects and problems, 
including “Der Zweite Hauptsatz der Mechanischen Wirmtheorie.” 
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between the fourth powers of the absolute temperatures of the sur- 
faces between which the transfer takes place. For English units, 
therefore, the heat transmitted by radiation is, in B. t. u., ; 
A= KB (Th 7:3) Di AS ne ee 
in which, as previously, D is the time in hours, and A is the area of 
the surface in square feet, 7, and 7, are degrees F. on the absolute 
scale and in the case of sooted surfaces with the cooler entirely sur- 
rounding the warmer surface, which must not ‘‘see’’ anything but 
the cooler surface, Rk —1.6 * 10-*. The experimental determination of 
values of RF for either small or great temperature differences for com- 
mercial building materials would require rather elaborate equipment. 
It is evident, from equation (2a) that for large temperature 
differences, a most rapid increase in radiation will occur: first, with 
an increase in the temperature of the warmer body; and secondly, 
if, for the same temperature differences, both temperatures T, and 
T, are increased.* It should. be noted that the energy transferred 
by radiation must first be transformed at the surface of the warmer 
body from the form of sensible heat or kinetic energy into radiant 
energy, so that it may pass, like light,t through space to the surface 
of the cooler body, and there be retransformed into heat energy.t 


5. Convection—The amount of heat transferred by convec- 
tion, or air movement, over the surface of a body has been shown by 
Pecletf to depend upon: 

(1) <A factor, coefficient of convection (N), which varies with 
the form and arrangement of the surface. 

(2) Some power of the velocity of flow across the surface in 


1 

feet per second V™. 

(3) The difference in temperature between the surface and 

the surrounding air (t, —- ¢,) in degrees F. 

-The heat transferred by convection is independent of the nature of — 
the surface, and the absolute temperature of the surface and the sur- 
rounding air; consequently for English units, the heat transferred — 
from or to a wall by convection is, in B. t. u., 


: | 
Hy=W V™(t 1.) DA eee 


*Burgess, G. K., and Le Chatelier, H., ‘‘The Measurement of High Temperatures.” 
p. 247, 1912. 
t‘‘Heat Transmission,” Engineering, Vol. 100, p. 499, November 12, 1915. 


tBolton, R. P., ‘The Establishment of a Standard for Transmission Losses from Build- — 


ings of All Constructions,” Journal A. S. H. and V. E., Vol. 21, p. 30, July, 1915. 
{‘‘Traité de la Chaleur.” Vol. I, Livre VI, 1860. 
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in which D is the time in hours and A is the area of the surface in 
square feet. The values of N and n must be determined experiment- 
ally. Elaborate testing equipment is required for the determination 
of these values. 


6. Heat Transmission to, through, and from a Simple Wall.— 
In view of the foregoing analysis, it will be apparent from the dia- 
gram, Fig. 1, that the temperature gradient through a wall, which 


CONVECTION 


Fig. 1. TEMPERATURE GRADIENT THROUGH A WALL 


separates air at a higher temperature (¢) from air at a lower tempera- 
ture (¢,), can be represented by the line ¢, ¢,, ¢,, ¢,, provided it is rec- 
ognized that the surface temperature of the wall and the air in contact 
with it are not the same. This difference in temperature occurs within 
a thin layer or film of air very close to the surface. That the wall 
surface must be at a lower or at a higher temperature than the sur- 
rounding air and the objects is evident; otherwise there would be no 
‘*flow’’ or transfer of heat to or from the wall. 

It has also been suggested by Dalby* that there is probably a 
further drop of temperature head, represented by the distance be- 
tween ¢, and t, which is required to force the flow across the surface 
where the gas film is in contact with the wall, corresponding to a po- 


*“Heat Transmission,” Inst. M. E. (British), p. 921, October, 1909. 
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tential difference at a joint in an electric circuit. This is usually 
referred to as contact resistance.* Contact resistance cannot he 
measured by thickness, but requires an appreciable amount of po- 
tential difference, whether the potential difference be in volts or 
degrees, and whether the current flow be in amperes or thermal 
units. 

If the air and surface temperatures are known, it is possible, 
for small temperature differences, to express the amount of heat 
entering the wall per square foot per hour in terms of equations 
(2) and (8), in which D and A become unity, as: 


1 
H,+Hy=R [ (+460) —(,+460)] +N XV"(t-th) . . (4) 
For walls of fixed height, possibly from nine to ten feet, standing in 
still air so that only natural or gravity convection currents exist, 
; 


the factor ( Va it moreover, becomes a constant and can be included 


in N making it N,, so that the combined or total heat transfer at the 


surface of the wall can be expressed as: 
Hp+n— FR (t—t,) +N, (t — 4), 


= (B+ Ny) (baie oa Ca ee 
or, letting K, = (Rk + N,), 
Ay ig Sth he oa Te a, Cee 


The heat passing through the wall per square foot per hour can 
be expressed by equation (1) as: 


He =& GENS). Gad 
if the two wall surface temperatures are known. 

The heat leaving the wall for the limited range of temperatures 
found in practice can be expressed, furthermore, by equations 
(2) and (3) simplified to read-as follows: 

Tp +n=K, (ty — to), ey (8) 
in which (R + N,) = K, are new coefficients determined under out- 
side conditions of temperature and average wind movement. 

Finally, if the overall transmission coefficient from air inside 
to air outside is U, in B. t. u. per square foot per hour, the heat trans- 
mitted is 

Hy =U (¢— i). 2 9 

Since the heat H transmitted in B. t. u. per square foot per hour 
is the same in each of the above cases, 


*Refrigerating World, p. 29,, September, 1914. ‘ 
{Harding and Willard, ‘‘Mechanical Equipment of Buildings.” Vol. I, p. 55, 1916. 
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H = K, (t — t,) 
C 
meat a= 45) 
X 


2 (t, — to) 
ace) 
Re oh (4), (4 — 4) _t = 
ene i Ot oe “a ea apa 
i oe 
But p= Ze ’ 
je 


XG 
hence a K, + t+ C 


i 
t 1 
etete 
In the case of compound ae (See Fig. 2 A, B, and C) with 
no air spaces and with a variety of materials of different conductiv- 
ities, C,, C,, C;,etc., and of various thicknesses, X,, X.,, X,, ete., the 
equation assumes the form, 


ie 


and U = 


1 
gtetetetete 


If the compound wall contains air spaces, (See Fig. 2 D) the 
value of 


U = 


1 
ea + aa 
gtetetet 


Gt Cres te. . . (12) 


in which the proper surface Senne foe ae material and for 
each surface must be used. All coefficients will be taken for ‘‘still 
air’’ conditions, except that for the outside wall the surface co- 
efficient must be increased, as indicated under ‘‘ Applications’? (Fig. 
2 D), to correspond with the average wind movement. 

It must, therefore, be apparent that, if values of the combined 
surface coefficients (,) and (K,) and of the coefficient of conduc- 
tivity (C) can be determined experimentally by measuring the heat 
transmitted through typical wall materials, the very practical and 
useful coefficient of transmission (U) can be readily calculated by 
equation (10) for a wall of any given thickness (x). As will be 
shown later under methods of testing, it is a fairly simple matter 

to determine the surface coefficients of walls standing in still air and 
the coefficients of conductivity at the same time that the actual de- 


termination of the coefficient of transmission (U) is being made. 
i 
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1 + 4. is 
1.40 4.2 4 
=0.18 
BRICK (DRY) 
K,= 3K, =4-2 C=40 K,=14 
MOVING AIR 
ASSUMED 
A. 
° 
K,=3K,=4.2 IK, = 1.10 


<'CEMENT PLASTER 


4” HOLLOW TILE 


©=0.60 FOR THIS 
THICKNESS * 


= 
1 1 ’ 
re pte 
4.2 1-10 4 0.60 


= 0.165 


t 
THIS IS NOT THE 
CONDUCTIVITY 


BUILDING PAPER 


K,=3K,= 4.2 


MOVING AIR 
ASSUMED 


D. 


1 6 4 1 


+ — 
3.9 1.10 8-3 0.32 8-0 
=0.069 


4" CORKBOARD 
C=o32 


+ "CEMENT gf LASTER 
c=6" 


K,=1.10 


ra é 
FROM EARLIER TESTS 


K,=14 
STILL AIR 


SIX THICKNESSES 
OF 1" FIR AND 
TWO AIR SPACES 


TWO AIR SPACES 


Fic. 2. APPLICATION oF TEST DATA TO SIMPLE AND COMPOUND WALLS, 


EXAMPLES IN THE CALCULATION OF U 
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III. Merrnops or Testing ror Herat TRANSMISSION OF BUILDING 
MATERIALS 


7. General Conditions—tThere are two general cases to be con- 
sidered in determining the value of the coefficient (U) for walls: 
first, the case of walls standing in perfectly still air, except for the 
vertical convection currents set up by the wall itself, and secondly, 
that of walls standing in moving air where the velocities cover the 
range found in atmospheric air during the average heating season. 
Both cases have been investigated in these tests so that the data re- 
ported are divided into two parts, one for ‘‘still air tests’’ and the 
other for ‘‘moving air tests.’’ 


8. Investigations—Heat transmission tests previously made 
have in many cases been confined to small specimens so that the data 
secured have proved unsatisfactory when applied to walls of prac- 
tical proportions. All investigators in this field have profited by 
the pioneer experimental work of the French physicist, Peclet.* His 
work was followed by investigations (which included the work of 
Rietschelt and Grashoft), conducted under the auspices of the Ger- 
man and Austrian governments. The results of this work have been 
translated in part by J. H. Kinealyf and still form the basis for many 
transmission coefficients in use to-day. 


The most prominent American investigator has been Prof. C. L. 
Norton§ of the Massachusetts Institute of Technology. The best 


* Jean Claude Eugéne Peclet was born at Besancon, France, in 1793 and died in 
Paris in 1857. He was Professor of Industrial Physics at the Central School of Arts 
and Manufacturers in Paris. Among his most important works is his “Traité de la Oha- 
leur et de son Application aux Arts et aux Manufactures,” published in two volumes in 
1829, a second edition being issued in 1843 and translated into German. 

j Herman Iman Rietschel was born at Dresden, Germany, in 1847. He was a pro- 
fessor in the Kénigliche Technische Hochschule, Berlin. He wrote ‘‘Leitfaden zum Be- 
rechnen und Entwerfen von Luftiings—und Heitzungs-Anlagen. Ein Hand und Lehr- 
buch fiir Ingenieure und Architecken,” which was published in 1894 (second edition). He 
also wrote “Theorie und Praxis der Bestimmung der Rohrweiten von Warmwasserheiz- 
ungen,” published in 1897. 

{Franz Grashof was born at Diisseldorf, Germany, in 1826 and died in 1893. He 
was one of the founders of the Verein Deutscher Ingenieure and was president of this so- 
ciety for thirty-five years. He was Professor of Applied Mechanics and Director of the 
Department of Machine Construction in the Polytechnical High School, Karlsruhe. His 
writings are very numerous and include the ‘“‘Resultate der Mechanischen Wiarmetheorie,” 
published in 1870. 

{| John Henry Kinealy was born at Hannibal, Missouri, in 1864. Among his other 
works is the translation of the Prussian tables for heat transmission, This translation was 
published in 1899 and is known. as “Formulas and Tables for Heating.” 

§ Charles Ladd Norton was born at Springfield, Massachusetts, in 1870. He is Pro- 
fessor of Heat Measurements in the Massachusetts Institute of Technology. His investiga- 
tions have included the transmission of heat through various building materials as well 
as the thermal conductivity of earthy materials and cold storage insulation. 
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equipped thermal-transmission testing plant in this country has been 
erected by the Armstrong Cork Company, at Beaver Falls, Penn- 
sylvania. A similar plant is located at the Pennsylvania State Col- 
lege at State College, Pennsylvania. In the tests run at the former 
plant little attention has been given to surface temperatures, since only 
actual or overall transmission air to air coefficients were desired. In 
the plant at Pennsylvania State College both air and surface tem- 
peratures are measured by means of platinum resistance pyrometers, 
and the Engineering Experiment Station at State College has been 
studying the effect produced on the heat transmission by varying the 
relative humidity and velocity of the air passing over the outside 
surface of a building wall. 

The Worcester Polytechnic Institute* has recently conducted a 
series of tests on the heat transmission of various types of ice house 
construction. Prof. J. R. Allen,t University of Michigan, has re- 
cently reported the results of tests on transmission coefficients for 
glass made under a variety of conditions. 

The latest heat transmission tests of importance are those of 
L. B. MeMillan made at the University of Wisconsin.t Steam pipe 
coverings were investigated to determine their heat insulating prop- 
erties. For determining the temperature of the air in the test room, 
high grade mercury thermometers were used, and after considerable 
experimenting it was decided to use constantan-copper thermocouples 
for the pipe temperatures. In this connection the potentiometer 
method of measuring the electro motive force of the couples was used. 
To imbed the thermocouple junction in the pipe, a chip was raised on 
the surface of the pipe, the thermocouple junction was held under- 
neath, and the chip was forced down; thus the couple was held in 
contact with the metal pipe. 

Similar work is also in progress at the Mellon Institute. 


*Refrigerating World, June, 1915. 

‘Heat Transmission Through Building Materials,” Journal A. 8. H. and V. E., 
Vol. 22, p. 1, July, 1916. , 

tJournal, Am. Soc. of M. E., January, 1916. 
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IV. Testing MerHops anp EQUIPMENT 


9. Methods-The equipment or apparatus for making heat 
transmission tests in building materials varies according to the meth- 
od of testing and the data desired. Some excellent laboratory plants 
have been designed for making heat transmission tests, and some of 
the most elaborate of these have been used abroad.* The methods 
most commonly employed in this country may be classified, according 
to principle at least, as follows: 


(1) Ice Box method. 

(2) Oil Box method. 

(8) Cold Air Box method. 

(4) Hot Air Box method. 

(5) Flat or Hot Plate method. 


t 


Z 


Fic. 3. Tue Ick Box Mrruop or Testing HEAT TRANSMISSION 


10. The Ice Box Method—tThis method, illustrated by Fig. 3, 
is the simplest one employed in making heat transmission tests. Ice is 
placed inside a metal box, or cube, and the material to be tested 
is placed outside. If the rate at which the ice melts, the temperature 
of the melting ice, and the outside air temperature are known, the 
heat transmission is readily obtainable. 

This method may prove unsatisfactory in the following respects: 


* Ohmes, Arthur K., “A Notable Institution for the Advancement of the Heating and 
Ventilating Art,’ Journal A. S. H. and V. E., Vol. 22, January, 1916. 
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(a) The melting of ice in pockets and its retention in the box 
after melting cause low results. 


(b) Frequent additions of ice must be made to keep the box 
as full as possible. 


(c) The inside temperature reading is not the true inside tem- 


Fig. 4. THe O11 Box Mrtuop or Testing HEAT TRANSMISSION 


perature because of the temperature gradient through the walls of 
the metal box, which results in low coefficients. 

(d) The range of temperature drop, through which the ma- 
terial is to be tested, is fixed unless some means are employed for 
regulating the outside air temperature. 


y 


Fic. 5. THe Coup Arr Box Meruop or Testing Heat TRANSMISSION 


A STUDY OF THE HEAT TRANSMISSION OF BUILDING MATERIALS 19 


11. The Oil Box Method.—In this method, illustrated by Fig. 
4, a metal box is covered with the material to be tested. Oil is placed 
inside the box and is kept at the desired temperature by means of an 
electrical heater immersed in the oil. <A stirring device keeps the oil 
at uniform temperature. The amount of heat transmitted through the 
material under test is determined from the electrical input. 


T i 
! | 
1 | 
' | 
t 

{ { 


& THERMOMETERS FOR 
TEMPS OF INSIDE AIR 


t, THERMOMETERS FOR 
TEMPS OF OUTSIDE AIR 


Fr OFAN 
© RESISTANCE COIL 
A) Az AMMETERS 


Vv; V2 VOLTMETERS 


Fig. 6. THe Hot Arr Box MetuHop or Testing Heat TRANSMISSION 


In this method the range of temperature through which the tests 
may be run is much larger than in the ice box method, and it is not 
necessary to add to the material in the metal box. In other respects, 
however, this method presents the same disadvantages as the ice box 
method. 


12. The Cold Air Box Method.—In this method, illustrated by 
Fig. 5, a box of cracked ice, hung near the top on the center line of 
the testing box, is substituted for the electrical heating element. The 
melting of the ice maintains the temperature of the air in the box at 
a lower degree than the air outside. The suspension of the ice box 
near the top of the test box supposedly causes natural circulation 
to maintain the inside air temperature nearly uniform. The heat 
transmitted is determined by weighing the amount of ice melted. 
Since it is not possible to control satisfactorily the temperature in- 
side the box, this method is generally inferior to the hot air box 
method. 


13. The Hot Air Box Method.—tThe test box for the hot air box 
method (Fig. 6) is made entirely of the material to be tested, unless 
the material is such that a skeleton frame work is necessary to provide 
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strength for the structure. The heat is supplied by electrical means, 
a resistance coil or a bank of lamps being used. A fan is usually 
employed inside the test box to circulate the air and maintain a uni- 
form air temperature throughout the interior of the box. The 
amount of heat transmitted through the material is determined from 
the combined electrical input to the heater and to the fan motor. 
This method, or a modification of it, is considered, according to 
Prof. C. L. Norton, the best to employ in testing materials for heat 
transmission. The use of the fan, however, is objectionable if a 
determination of the inside coefficient (K,) is to be made, since the 
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velocity of the air over the inside surface tends to increase the value 
of K,. In test specimens of large dimensions the fan is necessary if 
the interior air is to be maintained at a uniform temperature through- 
out. 


14. The Flat or Hot Plate Method—In this method (Fig. 7), 
the heating element consists of an electric grid, which is made of 
resistance wire placed between asbestos sheets. The material to be 
tested is placed on both sides of the grid and in contact with it. Out- 
side the test material are placed two hollow flat plates, which are 
kept at constant temperature by means of water circulation through 
the plates. All the heat, except that lost from the edges in some 
plates, goes through the test material into the water-cooled outside 
plates. In some hot plates no water-cooled outside plates are used, 
the edges being covered with the test material; thus the heat passes 
through only the test material. The heat lost is measured by the 
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electrical input, and the temperature difference between the inside 
and outside surfaces is usually determined by electrical means. Given 
the dimensions of the plate, the conductivity of the specimen may be 
readily determined. 

The amount of the heat loss from the edges, in the one case, is 
unknown. According to one authority, this loss is not only consider- 
able but varies in amount, the variation depending upon the nature 
and the thickness of the material being tested. A correction, the ac- 
curacy of which is rather uncertain, for this edge loss must be made. 
When the water-cooled plates are used, only the conductivity can 
be determined; without them the outside surface coefficient may also 
be obtained. In neither case can the transmission coefficient (air 
to air) be obtained. 


15. The Determination of the Heat Transmission Coefficient 
under the Foregoing Methods.—In any of the box methods of test- 
ing, the determination of the heat transmission coefficient (U) is a 
comparatively simple matter, but in order to obtain any of the other 
coefficients an accurate determination of surface temperatures must 
be made. Various: means of temperature measurement have been 
employed for this purpose. Oil wells for mercury thermometers have 
been sunk in the surface of the material, the center line of the oil 
well lying in the plane of the material being tested. Mercury ther- 
mometers have been fully imbedded in the material, half-way im- 
bedded, or fastened on the surface in attempts to determine the true 
surface temperature. Experiments show that the accuracy with 
which mereury thermometer determinations of surface temperatures 
can be made depends almost entirely upon the dimensions and the 
nature of the test specimen; the temperature gradient through the 
material being the governing factor. If the material being tested is 
thick with a correspondingly small temperature drop per inch through 
the material, the displacement of the center line of the thermometer 
with regard to the surface of the material is much less important 
than with a comparatively thin test specimen and its correspond- 
ingly steeper temperature gradient. 


Dalby further complicates the matter by his suggestion, previ- 
ously mentioned, that there is probably a further drop of tempera- 
ture head occurring just at the surface of the material which is 
required to force the flow of heat across the surface. The tempera- 
ture head required to cause the flow of heat through the material, 
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however, is the difference between the temperatures at each end of 
the temperature gradient through the material itself. 

The temperature gradient through the material is usually as- 
sumed to be a straight line. This assumption suggests the possibility 
of determining the surface temperatures at two different points along 
this gradient and then solving graphically or analytically for the 
surface temperatures, but most building materials are not homoge- 
neous enough to warrant the straight line assumption. The density 
of the material must be considered in determining the homogeneous- 
ness of the material. 

Attempts to determine surface temperatures by means of plat- 
inum dises held against the surface of the material have been made 
at the Engineering Experiment Station of Pennsylvania State Col- 
lege. 
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VY. Description or SPECIMENS, TESTING APPARATUS, AND MerHop 
oF ConpDuUCcTING TESTS 


16. The Testing Plant—Since practically full size specimens 
were to be used in determining the heat transmission of all the walls 
investigated and in ascertaining the values of the surface and con- 
ductivity coefficients, the hot air box method of testing was chosen. 
The box was built of the material to be tested except where means of 
support were needed. In order to get convection conditions similar 
to those in actual practice, the boxes were built about the height of 
a room and were supported on small piers; thus air was allowed to 
circulate around practically all parts of the box. 

The heating element was composed of ‘‘Yankee Silver’’ resis- 
tance wire,* helically wound with increasing pitch from bottom to 
top upon a wooden frame support placed inside the box. With this 
method of heating it was found after considerable experimenting 
that the same variation in air temperature was maintained as is 
found in the average room, that is, the air was warmer near the ceil- 
ing than at the floor line. 

A voltmeter across the terminals of the resistance heating coil, 
an ammeter in the line, and a water resistance box, or rheostat, to 
control the current constituted the apparatus necessary to control 
and determine the heat input into the box. All electrical instru- 
ments were accurately calibrated against standard meters of the Elec- 
trical Engineering Department. 

Air and surface temperatures were measured with mercury ther- 
mometers and thermocouples or with thermocouples alone. All mer- 
eury thermometers were carefully calibrated against a standard Cen- 
tigrade thermometer of known accuracy. 

A diagrammatic sketch of the apparatus used for determining 
the various coefficients is presented as Fig. 8. Only one thermo- 
couple circuit is shown in the diagram. 

For the moving air tests, in addition to the apparatus illustrated 
by Fig. 8, a hood shown in Fig. 9 was placed over the column. This 
hood, placed so that the column was centrally located inside, was 
connected to a No. 4 Sirocco multivane fan by means of a 24-inch 
duct about thirty feet long. A variable speed direct-current motor, 

* The wire used for the resistance coil is known as a ‘Yankee Silver” No. 16 B. and S. 
gage, a patented alloy manufactured by Driver-Harris Company, Harrison, New Jersey. 


The resistance per mil foot is 200 ohms at 75 degrees F. The temperature coefficient is 
0.000086 per degree. The specific gravity is 8.6. The weight per cubic inch is 0.31 pounds, 
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belt-connected to the Sirocco fan, furnished the means for varying 
the velocities of air flow over the surface of the column being tested. 
By means of dampers in the hood the velocity of the air was kept 
uniform over the four sides. 

A Pitot tube and a piezometer ring were used to determine the 
quantity of air discharged by the fan; consequently the velocity of 
the air over the surface of the test column was readily calculated. 

Photographie views of the test apparatus are presented in Figs. 
10, 11, and 12. 


17. Calibration of Thermocouples.—The thermocouple has been 
found to be better suited to the determination of surface temperatures 
than the thermometer. The junction, when embedded just in the 
surface of the material, indicates the surface temperature as nearly 
as it is possible, at the present time, to make such measurements. 
The accuracy of the temperatures determined in this manner is also 
dependent upon the temperature gradient through the material, but 
owing to the difference in dimensions between a thermocouple junction 
and the thickness of the material to be tested, this factor is not sig- 
nificant. 

‘The thermocouples used in these tests were made of copper and 
a nickel alloy of copper called constantan, No. 25 B. and S. gage, 
double silk covered wire being used. The junctions were made by 
fusing the ends of the two different wires together in the flame of 
a blast lamp. Each junction was placed in a glass tube closed at one 
end and filled with oil, and the two wires were insulated from each 
other by a small glass tube slipped around one of the wires. 

Calibrations were made with a cold junction temperature of 70 
degrees F., the hot junction temperature being controlled by means 
of a hot-water bath. In series with each couple, by means of switches, 
were placed a resistance and a Leeds and Northrup Type H D’Arson- 
val galvanometer for indicating by angular deflections the current 
generated and therefore the temperature in each thermocouple circuit. 
The deflection method of measuring the temperature difference be- 
tween the cold and hot junctions was used. In order to make this 
method as accurate as possible, all calibrations were made with the 
galvanometer balanced and set in position on a concrete pier; in this 
position it remained without any change through the set of tests on 
any specimen with which a given set of thermocouples was connected. 
The deflection method is considered entirely reliable, if proper care 


Fie. 10. Virw or Test Conumns SHowrne Brick CoLuMN 
IN PLACE AND OTHER CoLUMNS AS MADE READY FOR TESTING 


Fic. 11. Virw or AiR WASHER AND FAN WITH COLUMNS IN BACKGROUND 


Fie. 12. Virw SHowiInG Arn Ducr anp Box SHIELD AROUND COLUMN FOR AIR 
VeELocIty TEsts 


This view also shows the rheostat and the electrical instruments for controlling and 
measuring the heating current supplied to the column in the right foreground. The con- 
crete pier and leads to thermocouples are shown at the left. Note—Small galvanometer 
shown on pier was not used during the tests reported. 
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is taken, and has been used by other investigators in this field. The 
Babcock and Wileox Company have recently applied this method in 
a series of tests run at Bayonne, N. J., on the rate of heat transfer 
through boiler tubes. 

In ealibrating thermocouples it is customary to hold the tem- 
perature, of the cold junction constant at a predetermined point, to 
vary the hot junction temperature, and to note the deflection of the 
galvanometer. Owing to the slight inconvenience of keeping the cold 
junction at the temperature at which it was calibrated, some experi- 
menters prefer to run a series of calibrations with the temperature of 
the cold junction varying over the range expected during the test. 

Another method of procedure is to calibrate, as in the first case, 
by holding the cold junction at a certain temperature and then, with 
a fixed hot junction temperature, the cold junction temperature is 
changed to a point above and to a point below the original temperature 
during the calibration. The three readings or deflections are plotted, 
the equation of the curve determined, and the correction for the cold 
junction temperature is readily made. 

The first method was followed during these experiments. <A typi- 
eal set of thermocouple calibration curves is presented in Fig. 13. It 
will be noted that the curve A, of the lower temperature differences, 
is obtained with 300 ohms external resistance in the circuit while 
1,300 ohms were used to obtain the curve of higher temperature dif- 
ferences. This method gives a larger deflection for the lower tem- 
peratures than would otherwise be obtained with a single fixed 
resistance in the circuit, yet the deflection, corresponding to the 
highest temperature to be measured, remains within the range of 
the galvanometer. 

After calibration, the so-called hot junctions were removed from 
the glass containers and fastened in position on the surface of the 
material to be tested or in the air about one inch from the surface. 
All thermocouples and mercury thermometers used for determining 
air temperatures were shielded against direct radiation by means of 
paper shields. 

Thermocouples for determining surface temperatures were at- 
tached to the surfaces in the manner described in the following: For 
wood, a thin shaving was glued over the junction, the junction being 
somewhat imbedded in the surface of the material before the appli- 

cation of the thin shaving; for the materials composed of asbestos, 
the junction was covered by a thin sheet of asbestos or held against the 
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EXTERNAL RESISTANCE 
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CURVE B--1,300 OHMS 
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Fig. 13. TypicAn THEKMOCOUPLE CALIBRATION CURVES 
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surface with a mixture of powdered asbestos and water; for the 
vitreous materials, the junction was fastened to the surface with a 
thin layer of plaster of Paris. 

In determining surface temperatures with mercury thermometers, 
it was found that if the thermometer was imbedded in a trench just 
deep enough to permit the thermometer to lie entirely below the sur- 
face of the material, the temperature recorded was higher than that 
given by the thermocouple, the difference being dependent upon the 
thickness of the material. If the thermometer were placed against 
the surface, all the thermometer being out of the surface, yet cov- 
ered, and stuck to the surface, as previously described, it was found 
that the temperature recorded was somewhat lower than that recorded 
by the thermocouple. With comparatively thick materials the tem- 
peratures indicated by the thermometers and the thermocouples were 
practically the same when the thermometers were so imbedded that 
their axes lay in the plane of the surface of the material. 


18. The Method of Conducting Tests—The temperature of the 
air inside the test column was brought to the desired point by allow- 
ing a relatively large current to flow through the heating coil. As the 
rising air temperature approached the desired point, the current was 
decreased until the right amount was flowing to maintain the required 
temperature. In all cases sufficient time, ranging from twenty-four 
to seventy-two hours, according to the material and its thickness, 
was then allowed to elapse in order to insure constant heat flow. 
Readings of thermometers, thermocouples, and electrical instruments 
were then taken at intervals of thirty minutes. From five to seven 
readings were taken during each test, local conditions determining the 
duration of the tests. Usually three or four tests were run on each 
material, various air temperature differences being maintained for 
each test. In most cases both mercury thermometers and thermo- 
couples were installed for each test. This installation made it possible 
to run both tests at the same time, and provided the data for a direct 
comparison. 

The moving air tests were conducted in a manner similar to 
that described in the preceding paragraph, and in addition a tra- 
verse of the air duct was made during each test, the fan speed was 
recorded, and the exit velocity of the air over the four sides of the 
column was checked with an anemometer at the regular 30-minute 
intervals. The relative humidity of the air was also determined for 
each test. 
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In the combined moving air and humidity tests, the humidity of 
the air as it left the air washer was also recorded. The air washer 
made it possible to supply air at practically one hundred per cent rela- 
tive humidity for the combined moving air and humidity tests. 


19. Calculations for Finding Coefficients—The readings, taken 
during a test, for each thermometer, thermocouple, or electrical meter 
were averaged and then corrected according to the calibration curves. 
The corrected averages for any one section, such as the outside surface 
temperatures, were then averaged, the result being the outside sur- 
face temperature in the case mentioned. From these final temper- 
atures the various drops, air to air, wall to wall, air to wall, and wall 
to air, were determined. 

The heat transmitted was determined from the electrical input 
by means of the following relation: 

Volts & Amperes < 3.412 = B.t. u. loss per hour. 


Since the heat input was known, the various coefficients were 
determined from the following equations: 
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in which, 

Sm is the mean area of the inside and outside surfaces in square 
feet and is taken as the arithmetical mean of 8, and 8,. 

S, is the inside area of the test box in square feet. 

S, is the outside area of the test box in square feet. 

H is the total heat transmission of the box in B. t. u. per hour. 

t, is the inside air temperature. 

t, is the inside wall temperature. 

t, is the outside wall temperature. 

t, is the outside air temperature. 


In the moving air tests, flow of air occurred over the four sides — 
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of the test box only; thus it is necessary to make a correction to allow 
for the difference in loss of heat from the ends and sides. It is 
assumed that the loss of heat from the ends is the same during the 
moving air tests as during the still air tests, and the correction is 
accordingly made in the following manner: 

H,—H;—uS8, (t,— ¢,) 
in which, 

H; is the heat loss through the sides in B. t. u. 

H, is the total heat loss from the test box in B. t. u. 

w is the unit transmission of the test box, obtained from the 

still air tests. 

S, is the mean area of the ends of the box in square feet. 

t, is the inside air temperature in degrees F. 

t, is the outside air temperature in degrees F. 

In determining the coefficients for the moving air tests, the rela- 
tions given on page 32 are used; H, is substituted for the heat loss, 
and the respective areas of the sides are used instead of those in 
the entire box. 

In making a traverse to determine the quantity of air flowing, 
the duct was divided into five concentric zones of equal area, and read- 
ings were taken on the circle which equally divided the area of each 
zone. The traverse was made across on one diameter only, thus giving 
ten readings in inches of water, which will be called h. To calculate 
the mean velocity, these values of h were substituted in the following 
equation : 


V 
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in which, 

Vm is the mean velocity in feet per second. 

d is the density of the air at the mean temperature pounds 

per cubic foot. 

h is the velocity pressure in inches of water. 

m is the number of readings taken. 

Knowing the mean velocity of the air in the duct, the relative 
areas of the duct, and the space between the test column and the 
surrounding hood, the air velocity over the surface of the test column 
can readily be determined. 

The space between the hood and the test column was changed in 
going from the low to the high velocity tests in order to run the 
velocities as high as desired. 
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VI. Resuuts anp Test Data 


20. Still Air Tests—The material, density, thickness, and heat 
transmitting areas of the various walls investigated are given in 
Table 1. This table also presents the average test data for heat trans- 
mitted and temperature differences which are required in calculating 
the coefficients U, C, K,, and K,. The calculated values for each co- 
efficient are given in the last four columns of the table. In most 
cases there are two separate sets of tests for each material, the first 
being the mercury thermometer tests, and the second the thermocouple 
tests. For every thermometer test there is a corresponding thermo- 
couple test, the two having been run at the same time. 


21. Coefficients of Heat Transmission.—In each ease, U is the 
_ heat, in B. t. u., transmitted by one square foot of wall surface per 
- hour, per degree of difference in air temperature, inside to outside, 
for the thickness of wall actually tested. For the solid walls, such as 
brick, concrete, or cork, C is the conductivity of one square foot of 
wall surface per hour, per degree of difference in the surface temper- 
_ atures, per inch in thickness of the material tested. For walls made 
of other than solid materials, such as the tile walls, the value of C 
is given for the thickness of wall actually tested. The surface coeffi- 
cient K, is the heat received by one square foot of wall surface per 
hour, per degree difference in temperature between the inside air 
_ and inside wall surface. K, is the heat emitted by one square foot of 
f wall surface per hour, per degree of difference in temperature between 
- the outside wall surface and the outside air. The thickness or nature 
. of the wall does not affect the determination of surface coefficients. 


22. Discussion of Results—The values of the transmission coef- 
ficients, U, have undoubtedly been affected by the abnormally high 
values of inside surface coefficients, K,, when based on thermocouple 
‘readings. The radiation from the heating coil to the inside wall of 
the test column was apparently great enough to make the inside sur- 
face coefficient larger than the outside one. It was thought that with 
this method of heating, that is, eliminating the fan inside the box 
| (See Hot Air Box method of testing), that surface coefficients corre- 
- sponding approximately to still air conditions would be obtained for 
both the inside and outside surfaces. In this case, the air-to-air heat 
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transmission of the walls would have corresponded to still air con- 
ditions. 

It will be noted from the result sheets, Table 1, that the K, 
values of each set of tests roughly check each other; this agreement 
indicates that mercury thermometers imbedded half-way in the ma- 
terial give fairly close readings of the outside surface temperatures. 


TABLE 2 
CoEFFICIENTS BasED ON Heat TRANSMISSION TESTS 


(See ‘Applications of Test Data to Typical Walls’’) 


Nore: These values are selected from Table 1 and are based on the tests run under 
most satisfactory conditions 


C per 1” K 
No. Material Thickness per Still Air per 
Sq. Ft. per 1° F. 1 RS 
1 | Brick Wall (Mortar Bond & Dry Conditions) . . . 4.00 1.40 
2 | Concrete, 1-2-4 Mixture . 8.30 1.30 a 
3 Wood (Fir, one surface finished) . 1.00 1.40 
4 | Corkboard 0.32 1.25 
5 | Magnesia Board 0.50 1.45 
6 | Glass (actual glass 91.4% of total area) 2.063 2.00 
7 | 2-in. Tile, 4-in. plaster on both surfaces 1.004 1.10 
8 ere Tile, }4-in. plaster on both surfaces 0.604 1.10 
9 | 6-in. Tile, 14-in. plaster on both surfaces 0.474 1.10 
10 | 2-in. Tile, plastered as above and roofing covered . 0.84 P25 
11 | Asbestos Board . 0.50 1.60 
12 | Sheet Asbestos . 0.30 1.40 
13 | Double Glass, 14-in. air space (glass 69.3% of total area) 1.503 4 2.00 
14 | Roofing! PMs len! Ceci Nie 8 5.304 1.25 


16.*"} Air Space® 0 5" oc, Seah e See ear ee Sas 1.00-1.704 


' 1 Calculated from values of C for 2-in tile with and without roofing. (% =¢ + x) 
1 2 
2 See ‘‘ Air Spaces.” 


3 Per sq. ft. of actual glass set in wood frame but based on total heat transmitted. 
4 For thickness and construction stated, not per 1” of thickness. 


The values of the transmission coefficients, U, show that for the air-to- 
air coefficient mercury thermometers give fairly accurate results. For 
the inside surface temperatures, however, where oil wells imbedded in 
the surface were used, the results from the mereury thermometer 
tests are far from correct; thus there is no checking of the K, and C 
values of the two sets of tests. Only the thermocouple temperatures | 
are to be relied upon for inside wall temperatures. 

For calculating heat transmission coefficients of simple or com- 
pound walls, it is, fortunately, only necessary to have the coefficients 


if 
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of conductivity and the surface coefficients of the materials composing 
the wall; consequently, in selecting the coefficients for Table 2 only 
the outside surface coefficients were considered in getting the values 
found under the column headed K. These values are the surface coef- 
ficients for still air conditions, and are in B. t. u. per square foot of 
surface per hour, per degree difference between the surface tem- 
perature and the temperature of the air in contact with it. Values of 


Care inB. t. u. per one square foot of surface per hour per degree 


difference between the inside and outside surface temperatures, per 
inch in thickness for solid walls, and for the actual thickness of hol- 
low walls of simple or compound construction. In selecting these 
coefficients, the greatest significance has been attached to the values 
obtained from the tests of greatest air temperature differences, and 
only the tests in which thermocouples were used were considered. 

Attention is called to the value of C for roofing, deduced from 
the values of C obtained in the 2-inch tile tests with and without 
roofing. This value was calculated from the relation: 


Lene 


Ceti GC, 


where C, and C, are the conductivities of the tile and the roofing 


iN respectively. In the table of coefficients values will also be found for 


the so-called conductivity of air spaces, an explanation of which will 
be found under the section on air spaces. 


23. Moving Air Tests—Results of the moving air tests on brick 
are presented in Table 3. 
Curves showing the effect of the velocity of air on the various 


_ coefficients for a 4-inch brick wall are given in Figs. 14 and 15. Just 
‘why K,, the inside surface coefficient, should increase with an in- 


creasing air velocity over the outside of the box is difficult to explain. 
Air moving over the outside surface causes the outside surface tem- 
peratures to approach that of the outside air with an increase in 


_velocity. The loss of heat being practically the same in all but a few 


of the tests, the temperature of the inside surface would have to drop 
until the temperature gradient through the material was the same as 
in the still air tests. On account of the lowering of the inside wall 
temperature, a drop of the inside air temperature, of such magnitude 
that the coefficient for the inside surface would be the same as under 
still air conditions, would be expected. According to the tests, how- 
ever, the temperature difference is less than this amount, resulting in 
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an increase of K,, with the velocity of the air. The conductivity curve 
is practically horizontal, as would be expected, since the mean tem- 
perature of the material was about the same for all the tests. The 
transmission curve increases with the air velocity in a manner similar 
to the increase of the outside surface coefficient. 


Fie. 14. K, anp Ky Curves, Brick Box Movine Air Test (AVERAGE RELATIVE 


HUMIDITY, S&E TABLE 3) 
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Fig. 15. U anp C Curves, Brick Box Movine Air Test (AVERAGE RELATIVE 
HUMIDITY, SEE TABLE 3) 
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24. Discussion of Results——Results of the moving air tests on 
wood are presented in Table 4. These data are plotted on the curve 
sheets, Figs. 16 and 17, and show the rate of change of the various 
coefficients with air velocity. The remarks regarding K, for the 
brick box tests apply equally well to the K, values for the wood box 
tests. In the still air tests the value of K, for wood is evidently 
incorrect and has been disregarded in drawing the K, curve for 
this material. 


Fic. 16. Ki anp K, Curves, Woop Box Movine Air Test (AVERAGE RELATIVE 


i HUMIDITY, SEE TABLE 4) 


UU — ry eee 


Fic. 17. U anv K, Curves, ror Woop Box Movine Air Test (AVERAGE RELATIVE 
HUMIDITY, SEE TABLE 4) 
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Fig. 18. U anv C Curves, Woop Box Movine Arr Test 


25. The Effect of Variations in Relative Humidity on Surface 
Coefficients—Results of the saturated air tests on the brick box are 
presented in Table 5, and those on the wood box in Table 6. Curves 
of the various coefficients determined from the saturated air tests 
on the wood box are shown in Fig. 18. 

The three curves shown in Fig. 19, which are taken from the K, 
curves in Figs. 14 and 16, at the lower velocities, and the four points 
plotted, which are obtained from the data of the saturated air tests 


VELOCITY OF AIR-FEET PER MINUTE ee 1 
1.000 


Fie. 19. K, Curves, Atk VELocity Brow 2000 Freer per MINUTE 
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on the brick box in Table 5, show the effect of humidity on the outside 
surface coefficients. The conclusion is that the increase in humidity 
has no appreciable effect on the outside surface coefficient for brick, 
while in the case of wood an increase is apparent. The practical im- 
portance of this conclusion is doubtful, since the increase would be 
negligible in making a calculation for the heat transmission through 
a wall. 


[| ene 


SATURATED, AIR 
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1000 000 


The three curves shown in Fig. 20, taken from the w curves in 
Figs. 15, 17, and 18, at the lower velocities, and the four points 
plotted, which are obtained from the results of the saturated air 
tests on the brick box Table 5, show the effect of humidity on the 
heat transmission coefficient. The plotted points lie close enough 
to the curve for brick with partially saturated air to justify the con- 
clusion that increasing the relative humidity from an average of 51.6 
per cent to an average of 95.9 per cent does not increase the heat 
transmission through a brick wall four inches thick. In the case 
of the wood box, the effect of increasing the relative humidity of the 
air from an average of 71.3 per cent to an average of 96.9 per cent 
is also practically negligible. 


26.'° The Value of Air Spaces.—Heat is transferred across an 
air space by means of all three methods of heat transfer, radiation, 
convection, and conduction. 

With a large drop in temperature across the air space the cireu- 
lation of the air will obviously be more rapid, and the convection 
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loss will therefore be greater than with a small drop. Removing 
the air from the space has no appreciable effect until a very high 
vacuum is reached, as Niisselt* found that a 29.96-inch vacuum (re- 
ferred to a 30-inch barometer) had little effect on the loss by con- 
vection. In order, therefore, to reduce the loss by convection to an 
appreciable amount a very high vacuum is necessary. Convection 
loss, then, depends on the velocity of circulation of the air, which 
varies with the temperature difference of the two containing walls. 

Air is a poor conductor of heat, and this fact accounts for the 
general belief that no matter what the structure air spaces built into 
walls will reduce the loss of heat to a great extent. The double glass 
box with a half-inch air space between the panes illustrates the value 
of an air space in constructions of this nature. A comparison of 
the brick and tile tests shows favorable results for the air space. 

-When higher temperatures than those met in ordinary building 
wall construction are encountered, however, the transfer of heat across 
an air space assumes a different aspect. For the lower temperature 
differences the radiation factor is not of very great importance. But 
since the quantity of heat which passes across an air space by means 
of radiation is proportional to the difference of the fourth powers of 
the absolute temperatures of the surfacest enclosing the air space, 
it is evident that the radiation loss will increase rapidly with the 
temperatures of the two surfaces, althought the difference between 
these surfaces remains constant. On the other hand, if a solid ma- 
terial such as used in building walls should be used instead of the 
air space, the heat would be transferred through it by means of con- 
duction alone. The amount of heat lost by conduction, moreover, 
would increase only slightly with an increase in temperature if the 
temperature difference between the two surfaces remained constant. 

An air space may thus be as effective a heat insulator as a solid 
insulating material, at the lower temperatures and with the same 
temperature difference, but with a higher mean temperature and the 
same temperature difference, the air space would prove to be very 
inefficient. 

Ray and Kreisinger{ state that the amount of heat passing 
through furnace walls would be much reduced if the air spaces were 


* Wilhelm Niisselt, a private lecturer at the University of Dresden in Mechanical and 
Electrical Engineering. He has written on the subject of heat. 


7 This is exactly true only for perfect radiators and perfect absorbers. 
t“The Flow of Heat through Furnace Walls,” U. 8. Bureau of Mines, Bul. 8, 1911. 
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filled with brick or preferably with materials of poor conductivity, 
such as ash, sand, or mineral wool. In other words, because of the 
radiation factor, when heat at low temperatures is to be insulated, 
use air spaces; when heat is at high temperatures as in the case of 
furnace walls, use solids of poor conductivity. 

From the results of the single glass and the double glass box 
tests, the so-called conductivity of the 14-inch air space, meaning by 
‘“so-ealled conductivity’’ the B. t. u. loss per square foot per hour 
per degree of difference in the surface temperatures of the two con- 
taining walls, is found to be 1.77. 

Prof. L. A. Harding, in a Pennsylvania State College Experiment 
Station Bulletin, gives a value of 1.66 for the so-called conductivity 
of air spaces ranging from one to six inches in thickness. From tests 
reported in Ice and Refrigeration* a value of 1.25 is deduced for a 
l-inch air space. From tests on a steel mail-car side, reported by 
Prof. A. C. Willard,t a value of 1.59 is deduced for a 4-inch air space. 
Niisselt states that air spaces greater than 34 inch in thickness give 
no additional value for heat insulating purposes, a statement sub- 
stantiated by the foregoing data. An average of the previously men- 
tioned values gives a value of 1.57 for the “‘so-called conductivity’’ 
of an air space. 

From the data already presented, the temperature drop across 
the air space was calculated, and a curve was plotted with air-tem- 
perature differences as abscissae and the so-called conductivity of air 
spaces as ordinates. The curve, indicating the variation of the so- 
ealled conductivity with the temperature difference across the space, 
is shown in Fig. 21. 

In making calculations for heat transmission coefficients of com- 
pound walls, an air space may be treated in either of the following 
ways: the air space may be regarded as a solid insulating mate- 
rial through which the heat passes according to the so-called con- 
ductivity theory or considering the transfer by the three methods, 
radiation, convection, and conduction, the radiation and convection 
action may be combined into a single surface coefficient and the true 
conductivity of the air neglected. For every air space two surface 
coefficients, accordingly, would be considered. If different surfaces 
enclosed the air space, different surface coefficients would be used for 
the two walls. 
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*Refrigerating World, October, 1914. 
fRailway Age Gazette, Vol. 56 n. s., p. 1572, June 26, 1914. 
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It has been customary to assume still air conditions inside the 
air space, and consequently to use the surface coefficients correspond- 
ing to this condition. This assumption gives values for U, when eal- 
culated which are generally in accord with the actual transmission 
values obtained in tests of hollow building walls. It would probably 
not prove true for air spaces at high temperatures, as in furnace work. 
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VII. Appuications oF Data to TYPiIcaAL SIMPLE AND COMPOUND 


WALLS 


27. Types of Wall Construction—Reference has already been 
made to the fact that it is manifestly impossible to test all types 
and combinations of building materials used in actual wall construe- 
ion. It will, therefore, generally be necessary to calculate from test 
data, similar to those given in this bulletin and amplified by fur- 
ther tests, the values of the overall or heat transmission coefficients 
(U) for many walls. Two cases exist, one involving solid walls of one 
or more materials and the other including hollow walls of simple or 
compound construction with one or more air spaces. 


28. Solid Wall Construction.—In a simple wall or a compound 
wall without air spaces there are two surfaces which enter into the 
calculations for the heat transmission coefficient. For the inside sur- 
face a coefficient corresponding to still air conditions is used. This 
is obtained from the list of coefficients, Table 2. For the outside 
surface a coefficient of three times that corresponding to still air 
conditions is used; this allows for a wind velocity of practically fif-. 
teen miles per hour. The conductivity values for the materials in- 
volved are obtained from the same table of coefficients. With these 
values substituted in the heat transmission formula, the heat loss 
in B. t. u., per square foot, per hour, per degree of difference in air 
temperatures is obtained and the total loss through the walls of a 
building for any given air temperature difference may be readily cal- 
culated, as shown by Fig. 2. 

The walls shown involve materials for which tests have already 
been run to determine K,, K, and C. Additional tests will furnish 
data for a variety of materials which are not so generally used as those 
listed in Table 2. 


29. Air Space Construction.—For walls containing an air space 
or spaces, the accepted method of determining the heat transmission 
of the wall is the same as that for a simple or compound wall with the 
addition of two surface coefficients for each space included in the con- 
struction. The surface coefficients used for air spaces are those used 
for still air conditions. As mentioned before, however, this assump- 


A STUDY OF THE HEAT TRANSMISSION OF BUILDING MATERIALS 53 


tion of still air conditions in an air space is probably not true in 
all cases. 

To determine the heat transmission of a wall containing an air 
space according to this alternate method, the following tentative solu- 
tion may be adopted: The temperature drop across the air space is 
assumed, the so-called conductivity value is determined from the curve, 
Fig. 21, calculation for the transmission coefficient is made, and the 
loss for the overall air temperature difference determined. Dividing 
this value by the conductivity value used for the air space gives the 
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temperature drop across the air space. This result should check the 
assumed temperature drop if the assumption is correct. If the re- 
sulting temperature is greater than the assumed one, an assumption 
of temperature drop larger than the previous one is made, and cal- 
culations are made again, and so on until the calculated drop checks 
the assumed one. 


Ol 
or 


A STUDY OF THE HEAT TRANSMISSION OF BUILDING MATERIALS t 


t 


VIII. Concuusions 


The following summary includes the more important conclu- 
sions which have been drawn from the results of the investigation : 


(1) For determining the transmission coefficient, air to air, and 
the outside surface coefficient, mercury thermometers may be used 
and if properly installed will give results of practically the same ac- 
curacy as those determined with the thermocouples. Mercury ther- 
mometer wells were shown to be of no value in determining surface 
temperatures. The method finally adopted was to imbed the ther- 
mometer in the surface so that its center line would lie in the plane 
of the surface of the material being tested. Thermocouples are to 
be preferred for determining temperatures in this work. 


(2) A variation in the air velocity over the surface affects both 
the air-to-air coefficient and the outside surface coefficient. The 
outside surface coefficients of brick and wood surfaces are affected 
in practically the same manner at the lower air velocities, while the 
coefficient for brick gradually rises above that of wood for the higher 
velocities. 


(3) The coefficient of transmission, U, for a simple or com- 
pound wall, floor; or roof can be readily computed provided the sur- 
face coefficients for the building materials used in the surfaces are 
known for both still and moving air conditions. It is also necessary 
to know the coefficients of conductivity for all the materials used in 
the wall. These coefficients should be determined on full size walls 
for the temperature ranges usually encountered. (See Applications 
Fig. 2). The effect of moving air is to increase the value of 
the outside surface coefficient, and this increase involves the com- 
bined. action of heat transfer by radiation and convection. While 
this effect is variable, according to the velocity of wind, it seems 
evident that it can always be expressed as some function of the still 
air coefficient for the same wall; thus where the average wind move- 
ment during the heating season is approximately fifteen miles per 
hour, a value of K, = 3X, is recommended. In any case, the test 
data presented herewith indicate the manner and degree in which 
the factor varies for different velocities so that the value of K, can 
be modified to conform with the conditions of wind movement ex- 
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isting in the locality where the heat transmission data are to be ap- 
plied. 


(4) The effect of the relative humidity of the air on the heat 
transmission of an ordinary building wall is so small that it can safely 
be neglected in determining the total heat loss from a building. An 
increase in the relative humidity of the air causes a slight increase 
in the value of the surface coefficient; hence the overall transmission 
coefficient becomes larger. If the walls are actually wet so that they 
absorb moisture, the coefficient of conduction, C, may be seriously af- 
fected, as in the case of brick work where an increase of at least twen- 
ty-five per cent may easily occur. 


(5) Air space construction is of value at low temperatures, but 
not at high temperatures. In all cases the heat transmission across an 
air space will rapidly increase not only with an increase in the tem- 
perature difference in the enclosing walls but also with the same dif- 
ference of temperature, if the absolute values of the enclosing wall 
temperatures are increased. 


